Metastatic growth by colorectal cancer cells in the liver requires the ability of the cancer cells to interact with the new microenvironment. This interaction results in three histological growth patterns of liver metastases: desmoplastic, pushing, and replacement. In primary colorectal cancer several proteases, involved in the degradation of extracellular matrix components, are up-regulated. In liver metastases, their expression is growth pattern dependent. Tissue inhibitor of matrix metalloproteinase-1 (TIMP-1) is a strong prognostic marker in plasma from colorectal cancer patients, with significant higher levels in patients with metastatic disease. We therefore wanted to determine the expression pattern of TIMP-1 in primary colorectal cancers and their matching liver metastases. TIMP-1 mRNA was primarily seen in a-smoothmuscle actin (a-SMA)-positive cells. In all primary tumors and liver metastases with desmoplastic growth pattern, TIMP-1 mRNA was primarily found in a-SMA-positive myofibroblasts located at the invasive front. Some a-SMA-positive cells with TIMP-1 mRNA were located adjacent to CD34-positive endothelial cells, identifying them as pericytes. This indicates that TIMP-1 in primary tumors and liver metastases with desmoplastic growth pattern has dual functions; being an MMPinhibitor at the cancer periphery and involved in tumor-induced angiogenesis in the pericytes. In the liver metastases with pushing or replacement growth patterns, TIMP-1 was primarily expressed by activated hepatic stellate cells at the metastasis/liver parenchyma interface. These cells were located adjacent to CD34-positive endothelial cells, suggesting a function in tumor-induced angiogenesis. We therefore conclude that TIMP-1 expression is growth pattern dependent in colorectal cancer liver metastases.
INTRODUCTION
Colorectal adenocarcinomas usually metastasize to the liver, in which the interaction between the metastatic cancer cells and the liver microenvironment gives rise to metastases that can grow in three different morphologies [1, 2] . These are: desmoplastic; where the cancer cells are separated from the liver parenchyma by a dense zone of desmoplasia containing stromal cells such as macrophages and fibroblasts; pushing, where the liver plates are compressed at the metastasis/liver parenchyma interface; replacement, where the tumor cells infiltrate the liver cell plates, replacing the hepatocytes [1, 2] . Importantly, multiple colorectal cancer liver metastases resected from chemonaive patients tend to have one predominant growth morphology [3] . Metastases with different growth patterns differ in angiogenesis with the highest activity in those with pushing growth pattern [1, 3, 4] .
In vitro as well as in vivo studies have shown that cancer invasion and metastasis are associated with proteolytic degradation of the extracellular matrix [5] [6] [7] . We have earlier reported that metastases with a desmoplastic growth pattern showed intense expression of urokinase-type plasminogen activator (uPA), its cellular receptor (uPAR), and the uPA inhibitor (PAI-1) primarily in stromal cells located within the desmoplastic zone [8] . In metastases with the pushing growth pattern, uPA and uPAR were only present in necrotic areas within the liver metastases, whereas PAI-1 was found in hepatocytes and activated hepatic stellate cells at the periphery of the metastases [8] . In metastases of the replacement growth pattern uPAR was distributed in a pattern similar to that found in liver metastases with the pushing growth pattern [3] . Intriguingly, such differences were not observed in the primary colorectal cancer where, uPA, uPAR and PAI-1 were expressed mainly by stromal cells at the invasive front of all primary tumors [8] . We have also localized matrix metalloproteinase 9 (MMP-9) in primary and metastatic colorectal cancer [9] . MMP-9 was only up-regulated at the invasive front of primary colorectal cancer but not in the metastases. These data suggest that the proteolytic mechanisms involved in primary tumor invasion and liver metastasis growth are distinct and may provide insight into the mechanisms underlying the diversity in growth patterns (see Table 1 ). It is therefore likely, that liver metastases with a desmoplastic growth pattern, as their primary tumors, require the expression of matrix-degrading components in order to grow and invade into the surrounding liver compartments. Such components may not be needed for the expansion/invasion of metastases with pushing and/or replacement growth pattern, as the cancer cells might invade the liver using the cavity of the sinusoids or by direct replacement of the hepatocytes [8] .
The enzymatic activity of MMPs in vivo is tightly regulated by tissue inhibitor of metalloproteinases (TIMP), a family of four small (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) extracellular proteins [7] . TIMPs inhibit reversibly the MMPs by binding the zinc-binding site of active MMPs in a 1:1 stoichiometric fashion [7] . The ability to inhibit the various MMPs differs for each TIMP; however, most soluble MMPs can be inhibited by TIMP-1.
TIMP-1 is secreted into the blood and is measurable in healthy donors, but patients with colorectal cancer have significantly higher levels [10] . High levels of TIMP-1 measured by ELISA in preoperative plasma from colorectal cancer patients are associated with short survival [11] . This association was independent of clinical parameters including tumor stage; however, a significantly higher level of TIMP-1 in plasma was found in patients with metastatic (Dukes' D) disease. This implies that TIMP-1 is synthesized in the primary tumor as well as in the metastases.
In colorectal cancer, TIMP-1 mRNA is primarily expressed by tumor associated myofibroblasts at the invasive front of the tumor [12] [13] [14] though expression has also been seen in some cancer cells [12] . In colorectal cancer liver metastases TIMP-1 mRNA have been localized to "spindle fibroblast-like stroma cells" [15] . The cellular localization of TIMP-1 has not been described in detail or with regards to the growth patterns.
We have here determined the expression pattern of TIMP-1 in primary colorectal cancer and its matching liver metastasis. TIMP-1 is primarily expressed in asmooth-muscle-actin (a-SMA)-positive cells in both primary colorectal cancer and in liver metastases regardless of growth pattern. About half of the TIMP-1-positive cells at the invasive front in primary colorectal cancer and at the periphery of liver metastases with desmoplasia are expressed by pericytes, whereas almost all TIMP-1-positive cells in liver metastases with pushing or replacement growth patterns were identified as activated hepatic stellate cells.
MATERIALS AND METHODS

Tissue Samples
Tissue samples from 29 colorectal adenocarcinomas were obtained together with their matching liver metastases (18 synchronous and 11 metachronous) from Royal Hallamshire Hospital (Sheffield, UK). The liver metastases (ranging from 1 to 7 metastases per patient, 1 representative metastasis from each patient was selected for this study) were removed during partial hepatectomy with mean interval of 87 days (range 13-485 days) after the discovery of metastasis. Following surgical resection, $4 mm-thick tissue specimens were on the same day dissected from the tumor and immediately thereafter fixed in 4% neutral-buffered formalin for 20-24 h at room temperature and then paraffin-embedded. The samples were obtained from a group of patients including 11 women and 18 men in the age interval 36-79 (age at colon and rectum surgery). The liver metastases were collected prospectively from 1997-2003 and are randomly assembled from a data base containing samples from 247 operations all performed by one surgeon (Dr. Ali Majeed). Their use for research had been approved by South Sheffield Research Ethics Committee (STH 14722).
In order to increase the number of liver metastases 10 additional liver metastases of each growth pattern were identified from a patient cohort who underwent liver resection at Rigshospitalet, Copenhagen, Denmark from 2007 to 2011 (Ethical approval from regional ethical committee in Denmark number H-2-2011-045). These metastases were collected from 26 patients (16 synchronous and 10 metachronous). Eight of the patients were women and 18 men and the patients were in the age interval 24-83 at liver surgery. Nineteen of the patients had multiple metastases removed. From 22 of the patients, one metastasis was included and from four of the patients 2 metastases were included.
The metastatic lesions in all liver tissue samples were CK20 positive and CK7 negative confirming that 
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all liver samples were metastasis of colorectal cancer [16] . The growth pattern of the liver metastases were evaluated by staining for reticulin fibers and hematoxylin and eosin as earlier described [3, 8] .
Antibodies
Monoclonal antibodies (mAb) against TIMP-1 (clone VT7), a-SMA (clone 1A4), CD34 (clone QBEnd10), CD68 (clone PG-M1), CK20 (clone K s 20.8) and CK7 (clone OV-TL) as well as EnVision TM Horseradish Peroxidase Mouse (K4001) EnVisionTM Horseradish Peroxidase Rabbit (K4003) were purchased from Dako (Glostrup, Denmark). The polyclonal antibody (pAb) against PAI-1 has previously been described [17] . Cy3-conjugated goat-anti-mouse IgG and FITC-conjugated goat-anti-rabbit IgG were purchases from Jackson ImmunoResearch (West Grove, PA).
In vitro Transcription and In Situ Hybridization
In vitro transcription and in situ hybridization were performed as previously described [8] . TIMP-1 antisense and sense riboprobes were generated from PCR constructs f104, f105 and f106 [14] . MMP-2 antisense and sense riboprobes were generated from plasmid pCol7201 [14, 18] . The 35 S-radioactivity concentration of the probes was adjusted by dilution to 500,000 cpm/ml. Each section was prior to the in situ hybridization pre-treated at 988C at 10 min in TEG-buffer (10 mM Tris, 0.5 mM EGTA, pH 9.0) using a T/T Micromed microwave processor (Milestone, Sorisol, Italy) and the section was developed after exposure to autoradiographic emulsion (ILFORD Imaging, UK Limited, Mobberley, UK) for 7 days at 48C.
Imunoperoxidase Staining
Three mm thick paraffin sections were used for immunoperoxidase staining. Antigen retrieval was performed at 988C for 10 min (TIMP-1, CK20 or CK7) or 30 min (PAI-1) in TEG-buffer using a T/T Micromed microwave processor. Endogenous peroxidase activity was blocked by incubation with 1% H 2 O 2 for 15 min. The sections were washed in Tris-buffered saline (TBS, 50 mM Tris-HCL, 150 mM NaCl) containing 0.5% Triton X-100 (TBS-T), and then mounted in Shandon racks with immunostaining cover plates (Thermo Shandon, Pittsburgh, PA) for further incubations. The antibodies were diluted in Antibody Diluent with Background-Reducing Components (S3022, Dako, Glostrup, Denmark) to a concentration of 0.23 mg/mL (TIMP-1), 0.48 mg//mL (CK20), 0.65 mg//mL (CK7) or 1.00 mg//mL (PAI-1) and added to the slide and incubated overnight at 48C. The mAbs was detected with EnVision TM Horseradish Peroxidase Mouse and the pAb was detected with EnVision TM Horseradish Peroxidase Rabbit. Each incubation step was followed by washes in TBS-T. The sections were developed with NovaRed (Vector laboratories, Burlingame, CA) and counterstained in Mayer's hematoxylin, and finally dehydrated and mounted using a Dako Coverslipper.
Combined Immunohistochemistry and In Situ Hybridization
Prior to TIMP-1 in situ hybridization, the sections were under RNase free conditions pre-treated in TEGbuffer as described above. They were then stained for either a-SMA (0.35 mg/mL), CD34 (0.13 mg/mL), CD68 (0.30 mg/mL) or TIMP-1 (0.23 mg/mL), detected with EnVision TM Horseradish Peroxidase Mouse, and developed with diaminobenzidine chromogene (DAB) (Sigma-Aldrich, St. Louis, MO) using protocol previously described [8] . The 35 S-labeled TIMP-1 mRNA probes were applied and exposed as described above, thereafter counterstained with Mayer's hematoxylin, dehydrated and mounted with pertex using a Dako CoverSlipper.
TIMP-1 and PAI-1 Double Immunofluorescence
Three mm thick paraffin sections were deparaffinized, pre-treated and mounted on Shandon racks as described above. The TIMP-1 mAb (0.23 mg/mL) was diluted in Antibody Diluent with Background-Reducing Components together with the PAI-1 pAb (0.5 mg/ mL) and added to the sections. Incubation was performed overnight at 48C. The antibodies were detected with Cy3-conjugated goat-anti-mouse (TIMP-1) and FITC-conjugated goat-anti-rabbit (PAI-1) diluted in Antibody Diluent with Background-Reducing Components to a final concentration of 10 mg/mL. The sections were washed in TBS after each incubation step. The sections were finally mounted with ProLong 1 Gold antifade reagent (Molecular Probes, Eugene, OR).
Confocal Microscopy
A confocal laser scanning microscope equipped with a 488 nm argon laser and a 543 nm HeNe1 laser (LSM 510 META, Carl Zeiss, Jena, Germany) was used for analyzing the double immunofluorescence stained sections. The images were obtained using the l-mode (pinhole diameter, 136 mm) collecting images from 509 to 595 nm. Emission spectra for FITC-and Cy3-, and auto-fluorescence were used for emission fingerprinting [19] .
Cell Culture and Western Blotting
LX-1 and LX-2 were generated by either SV40 T antigen immortalization (LX-1) of primary hepatic stellate cells or spontaneous immortalization of a subline of LX-1, being able to grow under low serum conditions (LX-2) [20] . The cells were grown to confluency in DMEM (Gibco Cat nr 61965-026, Life Technologies, Carlsbad, CA) supplemented with 10% heat-inactivated fetal calf serum and 200 U/mL penicillin and 25 mg/mL of streptomycin and harvested by detachment using a rubber policeman. The harvested cells were lysed using temperature induced phase separation in Triton X-114 containing buffer (0.1 M Tris-HCl, pH 8.1, 1% Triton X-114, 10 mM EDTA, 10 mg/mL aprotinin and 1 mM phenylmethylsulfonyl fluoride) [21] . The resulting water-and detergent-phases were analyzed by Western blotting for presence of TIMP-1, PAI-1 and a-SMA using the same primary antibodies as for the immunohistochemistry. Water-or detergent-phase from 9.4 Â 10 5 cells was loaded in each lane. The proteins were separated on 4-12% SDS-PAGE and were electroblotted onto polyvinylidene difluoride membranes using the iBlot system (Life Technologies). Recombinant human TIMP-1, used as a reference, was a kind gift from Professor Gillian Murphy, University of Cambridge, UK. Membranes were blocked in TBS containing 5% skimmed milk powder for 1 h at room temperature, before incubation with 2 mg/mL of antibodies against TIMP-1, PAI-1, and a-SMA. Horseradish peroxidase conjugated rabbit anti-mouse IgG (P0161, Dako) diluted 1:1000 in blocking buffer and Horseradish peroxidase conjugated swine anti-rabbit IgG (P0399, Dako) diluted 1:3000 in blocking buffer were used as secondary reagent and incubated for 1 h at room temperature. Luminata TM Forte (Millipore Corporation, Darmstadt, Germany) was used as the ECL detection system for visualization of the bands.
RESULTS
In this study, we examined the expression and localization of TIMP-1 in 29 primary colorectal adenocarcinomas and matching liver metastasis. All liver metastasis tissue samples were stained for reticulin fibers in order to characterize the growth pattern according to Vermeulen et al. [1] and therefore to be able to differentiate our findings according to the growth patterns. Of the 29 liver metastases with paired primaries, 14 ($48%) showed desmoplastic growth pattern, 14 ($48%) displayed pushing growth pattern, while 1 ($4%) exposed replacement growth pattern [3, 8, 22] .
TIMP-1 In Situ Hybridization in Primary Colorectal Adenocarcinoma and Its Matching Liver Metastasis
All 29 paired samples of primary colorectal adenocarcinomas and their matching liver metastases were processed for in situ hybridization using two previously employed non-overlapping antisense TIMP-1 35 S-UTP mRNA probes [14] . In all 29 samples of primary colorectal adenocarcinomas, TIMP-1 mRNA was seen primarily in fibroblast-like cells at the tumor periphery and in a pattern similar to that previously described [14] (see Figure 1A , D). TIMP-1 mRNA was also expressed by some cancer cells scattered throughout the tumor tissue (primarily in the tumor core), and in fibroblast-like cells located in the pericolic fat far from the cancer cells (data not shown).
TIMP-1 mRNA was found in all liver metastases. In all the metastases with desmoplastic growth pattern, TIMP-1 mRNA was primarily seen in fibroblast-like cells within the desmoplastic stromal formation (see Figure 1B , E and Figure 2A , C). TIMP-1 mRNA was also seen in a few hepatocytes located at the interface between the desmoplastic zone and the liver parenchyma (see red arrow in Figure 2A, C) . In liver metastases with either pushing or replacement growth patterns, TIMP-1 mRNA was primarily seen in spindle-shaped cells located within the sinusoids of the liver as well as in some few hepatocytes located at the metastasis/liver parenchyma interface (see Figure 1C , F, and Figure 2B , D). TIMP-1 mRNA was furthermore found in fibroblast-like cells located in between the cancer glands of the metastasis in all metastases analyzed.
As for the primary colorectal adenocarcinomas, TIMP-1 mRNA was also detected in the cancer cells scattered throughout the tumor tissue in all the metastases (primarily in the metastasis core, data not shown). Interestingly, TIMP-1 mRNA signal was generally stronger in the liver metastases than in the primary colorectal adenocarcinomas ( Figure 1A , D versus 1B, E and 1 C, F). Moreover, the TIMP-1 mRNA signal was stronger in liver metastases with a desmoplastic growth pattern than in those with a pushing or a replacement growth patterns. TIMP-1 mRNA was also observed in central parts of the metastases and associated with fibrotic and necrotic areas (data not shown).
In all samples identical TIMP-1 mRNA signals were obtained when using the two non-overlapping probes. The two corresponding sense 35 S-UTP mRNA probes included as negative controls did not give rise to any signal (data not shown).
TIMP-1-Immunohistochemistry in Colorectal Cancer Liver Metastases
Adjacent sections from eight representative samples of liver metastases (four with desmoplastic and four with pushing growth pattern) from the cohort with matching primaries were processed either for TIMP-1 in situ hybridization or TIMP-1-immunohistochemistry using a mAb against TIMP-1. The anti-TIMP-1 antibody has previously been validated for use in immunohistochemistry [14] . The TIMP-1 protein was in general confined to the cytoplasm, but the presence of cell surface-bound TIMP-1 cannot be excluded (see Figure 2E , F). The in situ hybridization for TIMP-1 on adjacent sections showed mRNA signal in cells similar to those expressing TIMP-1 protein (see Figure 2 ).
In the four liver metastases with a desmoplastic growth pattern, TIMP-1-immunoreactivity was seen primarily in fibroblast-like cells located in front of the metastatic lesion and in between the cancer glands (see black arrows in Figure 2E ). A few hepatocytes, located at the interface of the desmoplastic stroma formation and the liver parenchyma, were also positive for TIMP-1 (see red arrows in Figure 2E ). In
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contrast, in the four liver metastases with a pushing growth pattern, TIMP-1-immunoreactivity was primarily seen in spindle-shaped cells located at the edge of the tumor as well as in between the tumor glands (see black arrows in Figure 2F ) and in some hepatocytes located at the metastasis/liver parenchyma interface (see red arrows in Figure 2F ) as well as in hepatocytes located at a distance to the metastasis/ liver parenchyma interface (see green arrows in Figure 2F ). In all eight samples, TIMP-1 protein was also observed in fibroblast-like cells located in central parts of the metastasis in areas with fibrosis and/or Figure 1 . In situ hybridization for TIMP-1 mRNA in colon adenocarcinoma and liver metastases. Section from a colon adenocarcinoma (Left Column: A, D, G, J), its liver metastasis with desmoplastic growth pattern (Centre Column: B, E, H, K) and a liver metastases with pushing growth pattern (Right Column. C, F, I, L) were processed for in situ hybridization using TIMP-1 mRNA antisense probes (Top Two Rows: A-F) or TIMP-1 mRNA antisense probes combined with immunoperoxidase staining (Bottom Two Rows: G-L) with mAbs for a-SMA (Third Row: G-I) or CD34 (Fourth Row: J-L). The TIMP-1 mRNA probe is visualized as black silver grains in bright-filed illumination (A-C, G-L) and white spots in dark-field illumination (D-F), and the immunoperoxidase staining is detected using DAB (G-L). Loci of particular interest marked with boxes in A-F are showed as close ups in G-L. In all samples, TIMP-1 mRNA is found in stromal fibroblast-like cells at the tumor edge of the cancer/metastasis (indicated with Ca) (arrows in A-F). In the liver metastases, TIMP-1 mRNA is also observed in the stroma in between the cancer glands. Combined immunoperoxidase stained for a-SMA (G-I) or CD34 (J-L) and in situ hybridization for TIMP-1 was carried out on adjacent sections from a colon adenocarcinoma, a liver metastasis with desmoplastic growth pattern and a liver metastases with pushing growth pattern. In both colon cancer and liver metastasis with desmoplastic growth pattern, TIMP-1 mRNA was in general found expressed by a-SMA-positive myofibroblasts (arrows in G-H). These TIMP-1 mRNA positive myofibroblasts are often located neighboring CD34-positive endothelial cells (arrows in J-K). TIMP-1 mRNA is in liver metastasis with pushing growth pattern seen in presumably a-SMApositive hepatic stellate cells (arrows in l). TIMP-1 mRNA was not detected in CD34-positive cells (arrows in L). Bars, $100 mm (A-F) and
necrosis (data not shown), and in some cancer cells scattered throughout the tumor tissue (primarily in the metastatic core, data not shown).
Identification of the TIMP-1 mRNA Expressing Cells by Combined Immunohistochemistry and In Situ Hybridization
Eight representative samples of primary colorectal adenocarcinoma and their matching liver metastases, of which four had a desmoplastic growth pattern, and four had a pushing growth pattern were chosen for further analysis in order to identify the cells producing TIMP-1 mRNA. A combined immunohistochemistry and in situ hybridization was used with mAbs against a-SMA (detection of myofibroblasts and pericytes), CD34 (detection of endothelial cells) or CD68 (for detection of monocytes and macrophages), and TIMP-1 mRNA antisense probes.
In all eight representative samples of primary colorectal adenocarcinoma and in the four liver Figure 2 . In situ hybridization and immunohistochemistry for TIMP-1 mRNA and protein in liver metastases. Adjacent sections from a liver metastasis with desmoplastic growth pattern (Left Column, A, C, E) and a liver metastasis with pushing growth pattern (Right Column, B, D, F) were processed for in situ hybridization using TIMP-1 mRNA antisense probes (Two Upper Rows, A-D) or immunoperoxidase staining using a mAb against TIMP-1 (Lower Row, E, F). The TIMP-1 mRNA probe is visualized as black silver grains in bright-field illumination (A, B) and white spots in dark-field illumination (C-D) and the TIMP-1-immunoperoxidase stainings are developed with NovaRed (E, F). In liver metastases with desmoplastic growth pattern, TIMP-1-immunoreactivity is primarily observed in myofibroblasts located within the desmoplastic zone (indicated with DS) near the metastatic cancer cells (black arrows in E). In liver metastases with pushing growth pattern, TIMP-1-immunoreactivity is observed primarily in activated hepatic stellate cells (black arrows in F). TIMP-1-immunoreactivity is also observed in few hepatocytes located at the rim of the metastatic zone, either at the desmoplastic/liver parenchyma interface (red arrows in E) or at the metastasis/liver parenchyma (indicated with LP) interface (red arrows in F). TIMP-1 was also seen in some few hepatic stellate cells located a short distance from the metastasis (green arrows in F). TIMP-1 mRNA was on adjacent sections found in cells similar to those positive for TIMP-1-immunoreactivity (arrows in A-D). TIMP-1 mRNA is also observed in some hepatocytes at the rim of the metastatic zone (red arrows in B and D). Bar in A, $50 mm.
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metastases with desmoplastic growth pattern, TIMP-1 mRNA was found primarily in a-SMA-positive myofibroblasts located at the periphery of the cancer (primary tumors) or within the desmoplastic stroma formation (liver metastases), but also in between the cancer glands (see Figure 1G , H). In both primary colorectal cancer and the liver metastases with desmoplastic growth pattern, a fraction ($50%) of the TIMP-1 mRNA expressing a-SMA-positive cells were located adjacent to CD34-positive endothelial cells, indicating that these TIMP-1-expressing cells were pericytes (see Figure 1J , K). This demonstrates that the main sites of synthesis of TIMP-1 protein in primary colorectal cancer and the liver metastases with desmoplastic growth pattern are a-SMA-positive myofibroblasts and pericytes. In all four liver metastases with pushing growth pattern, TIMP-1 mRNA was found in a-SMA-positive cells located within the sinusoids at the metastasis/liver parenchyma interface. These TIMP-1-positive cells were in most cases adjacent to CD34-positive endothelial cells at the metastasis/liver parenchyma interface (see Figure 1I , L). No TIMP-1 hybridization signal was seen in the CD34-positive endothelial cells (see Figure 1J , K, L) or in CD68-positive cells (data not shown) in any of the samples tested, neither in primary colorectal cancer nor in the metastases.
Hepatic stellate cells, which are located within the Space of Disse of liver sinusoids, are normally activated during liver injury including metastasis to the liver [23] . Activation of hepatic stellate cells results in increased expression of various proteins. None of these proteins are, however, specific for activated hepatic stellate cells, and identification of activated hepatic stellate cells is therefore normally carried out by staining for a-SMA as well as morphological characterization [20, [22] [23] [24] [25] . As TIMP-1 mRNA in liver metastases with pushing growth pattern was found in a-SMA-positive cells located within the sinusoid, we consider these as activated hepatic stellate cells. This implies that in liver metastases with pushing growth pattern TIMP-1 protein is produced by hepatic stellate cells.
TIMP-1, PAI-1 and a-SMA in Activated Hepatic Stellate Cells In Vitro
In order to support the tentative identification of the TIMP-1-positive cells as hepatic stellate cells in metastases with pushing and replacement growth patterns we analyzed the presence of TIMP-1 and a-SMA in the immortalized hepatic stellate cell lines LX-1 and LX-2 [20] by Western blotting. We included PAI-1 since this protein show a similar expression pattern as TIMP-1 in liver metastases ( Table 1 ). The cell lysates were subjected to temperature-induced phase-separation [26] in order to separate intracellular soluble proteins to the water-phase and enriching integral membrane proteins in the detergent-phase. TIMP-1 was found in the water-phase in both LX-1 and LX-2 cell lysates with a higher concentration in LX-1 compared to LX-2 cells (Figure 3) . A comparison of the intensities of the TIMP-1 bands indicates that the amount of TIMP-1 in 9.4 Â 10 5 LX-1 cells exceeds 20 ng (Figure 3) . No TIMP-1 was detected in the detergent-phase, whereas the membrane bound uPAR as expected was enriched in the detergent-phase (data not shown). The majority of PAI-1 was found in the water-phases and only a weak band was present in the detergent-phase. On the cell surface PAI-1 is bound to uPA, which is cell surface located through binding to its receptor uPAR. The proteins are internalized [27] and in the LX-1 and LX-2 cells the majority of PAI-1 is found in the water-phase. Judged from the apparent molecular weight, an uPA-PAI-1 complex is also present in LX-1 and LX-2 water-phases. A band with an apparent molecular weight of 42 kDa, which is the molecular weight of a-SMA, was detected in both water-phases. The additional bands visible in anti-a-SMA stained LX-2 water-phase and anti-PAI-1 stained LX-1 water-phase were absent when the primary antibody was omitted (Figure 3) . The immunohistochemical localization of TIMP-1 was thus supported by the presence of TIMP-1 in the water-phase in lysed cultured activated hepatic stellate cells.
TIMP-1 and PAI-1 Double Immunofluorescence in Colorectal Liver Metastasis
The expression and localization of TIMP-1 in colorectal liver metastases are very similar to what we have described earlier for PAI-1, see Table 1 and Illemann et al. [8] . We therefore performed double immunofluorescence for TIMP-1 and PAI-1 on eight representative samples of colorectal liver metastasis from the cohort with paired primaries; four with a desmoplastic and four with a pushing growth pattern in order to determine if TIMP-1 and PAI-1 are localized in the same cells. In all four liver metastases with the desmoplastic growth pattern both TIMP-1 and PAI-1 are expressed by primarily myofibroblasts located in front of the cancer cells within the desmoplastic formation ( Figure 4A-C) . Most of the TIMP-1-positive myofibroblasts are also positive for PAI-1 but there are in general more PAI-1-positive cells. In the liver metastasis with a pushing growth pattern, TIMP-1-positive activated hepatic stellate cells are also positive for PAI-1 (see white arrows in Figure 4D-F) . TIMP-1 and PAI-1 are also co-localized in some hepatocytes in both liver metastases with desmoplastic growth patterns (data not shown) and in liver metastasis with pushing growth pattern (see yellow arrows in Figure 4D , E, F). Expression of PAI-1 in hepatocytes is, however, more pronounced (see pink arrows in Figure 4E , F). TIMP-1-immunofluorescence was also observed in some cancer cells in all liver metastases analysed (primarily in the metastatic core, data not shown).
TIMP-1 and PAI-1 Co-Expression in Colorectal Liver Metastases
In order to reliably determine the TIMP-1-expression pattern in liver metastases with replacement growth pattern, we included liver metastases from another cohort where the matching primary tumors were not available. We included liver metastases with desmoplastic and pushing growth patterns from the same cohort to serve as a control and validate the finding from the first cohort.
Ten liver metastases of each growth pattern from the cohort without paired primaries were processed for TIMP-1 or PAI-1-immunohistochemistry. The expression patterns in metastases with desmoplastic and pushing growth patterns were identical to that seen in metastases from the English cohort (Figures, 2, 4 and 5 1A-D). In metastases with replacement growth pattern TIMP-1-immunoreactivity was primarily seen in spindle-shaped cells (presumably hepatic stellate cells) located in between the tumor glands at the metastasis/liver parenchyma interface (see black arrows in Figure 5E ) as well as in some hepatocytes located in front of the metastatic cells (data not shown). The TIMP-1-positive hepatic stellate cells were on adjacent sections found positive for PAI-1 (see black arrows in Figure 5F ). In addition, PAI-1-protein was found in some hepatocytes just at the metastasis/liver parenchyma interface (red arrows in Figure 5B, D, F) . TIMP-1-immunoreactivity was also observed in fibroblast-like cells located in central parts of the metastasis in areas with fibrosis and/or necrosis (data not shown), and in some cancer cells scattered throughout the tumor tissue (primarily in the metastatic core, data not shown).
Secondary Sites of TIMP-1-Expression in Colorectal Liver Metastases
In liver metastases with either desmoplastic or pushing growth pattern TIMP-1 mRNA and protein were in addition found in fibroblast-like cells (most likely myofibroblasts) in the muscular part of large hepatic arteries, in endothelial cells veins (both hepatic veins and central veins), in spindle-shaped cells located in areas of bile duct proliferation (see Figure 6 ). As TIMP-1-expression at these sites often was found distant to the site of metastasis, it may not be related to cancer but most likely to pathological changes in the liver in general. In normal appearing liver tissue, no TIMP-1-expression was observed (data not shown).
MMP-2 In Situ Hybridization in Primary Colorectal Cancer and Its Matching Liver Metastasis
It has been reported that colorectal cancer patients with high metastatic burden have elevated levels of type IV collagen fragments [28] . Such fragments are generated by MMP-2 and MMP-9, and both these enzymes can be inhibited by TIMP-1 [7] . Since we have previously shown that MMP-9 is not upregulated in colorectal cancer liver metastases [9] we decided to focus on MMP-2 and analyze a subset of the liver metastases for MMP-2-expression. Therefore six representative cases of paired samples of primary colorectal cancer and their matching liver metastases, of which three had liver metastases with a desmoplastic growth pattern and three had a pushing growth pattern were processed for in situ hybridization using an antisense MMP-2 35 S-UTP mRNA, which has been previously employed [14, 18] . In all six primary colorectal cancers, MMP-2 mRNA was found in numerous fibroblast-like cells (presumably myofibroblasts) located in both the stroma in front of the cancer as well as in the submucosa (see Figure 7A , D) similar to previous reports [12, 18, 29] . In the colonic mucosa, which appeared normal, no MMP-2 mRNA was detected (data not shown). MMP-2 mRNA was not identified in malignant cells and no in situ hybridization signal was seen using the corresponding 35 S-UTP mRNA sense probe (data not shown). In the three liver metastases with a desmoplastic growth pattern, MMP-2 mRNA was confined to fibroblast-like cells (presumably myofibroblasts) located within the desmoplastic zone and in cells in between the cancer glands (see Figure 7B , E). MMP-2 mRNA expression was not detected in cancer cells. No MMP-2 mRNA was detected either at the front of the metastases or in stromal cells located in between the metastatic cancer glands in the three investigated liver metastases with a pushing growth pattern, (see Figure 7C, F) . No expression of MMP-2 mRNA was seen at any of the secondary sites, which showed expression of TIMP-1 (see above and Figure 6 ).
DISCUSSION
We have determined the cellular localization of TIMP-1 in liver metastases from two cohorts of colorectal cancer patients, one including the matching primary tumors. TIMP-1 mRNA and protein was localized to activated a-SMA-positive myofibroblasts in primary colorectal cancer and in liver metastases with desmoplastic growth pattern. TIMP-1 was highly expressed and often found in cells adjacent to CD34-positive endothelial cells, which suggests that TIMP-1 was expressed by pericytes, a cell type that covers mature vessel walls as well as being involved in tumor angiogenesis and metastasis [30] . In liver metastases with pushing or replacement growth patterns, TIMP-1 mRNA and protein were seen in activated hepatic stellate cells located at the metastasis/liver parenchyma interface. Hepatic stellate cells are activated in response to injury of the liver [23] . In addition, we have shown that MMP-2 mRNA is highly up-regulated in primary colorectal cancer and in liver metastases with desmoplastic growth pattern and presumable expressed by cells that are also TIMP-1-positive. In liver metastases with pushing growth pattern no MMP-2 mRNA was found.
TIMP-1-expression in a-SMA-positive myofibroblasts at the invasive front of the primary colorectal cancer as well as in some few cancer cells have previously been described [12, 14] . We do, nevertheless, add new information about the localization of TIMP-1 in primary colorectal cancer, as we have found that around 50% of the TIMP-1-positive cells are pericytes located adjacent to CD34-positive endothelial cells.
We have identified myofibroblast, pericytes and hepatic stellate cells as the main sites of synthesis of TIMP-1 in liver metastases. As expected the TIMP-1 protein is localized in the same cells as the TIMP-1 mRNA and the TIMP-1-immunoreactivity was confined to the cytoplasm. Interestingly, TIMP-1 mRNA seems in general to be expressed in more cells and with a higher level in the liver metastases compared to the expression in the primary tumor. This is in agreement with the finding that significantly higher levels of TIMP-1 are found in plasma from patients with metastatic colorectal cancer compared to patients with non-metastatic disease [11] . With regards to TIMP-1-expression in the colorectal cancer liver metastases, our data are in general compatible with a study by Zeng et al., where TIMP-1 mRNA by in situ hybridization was found in spindle-shaped stromal cells [15] .
The primary function for TIMP-1 is to inhibit the MMPs. In primary colon cancer several MMPs (including MMP-2 and MMP-11) are expressed by fibroblasts-like cells (most likely myofibroblasts) similar to TIMP-1, whereas MMP-9 is primarily expressed by macrophages and neutrophils [9, [12] [13] [14] [15] 18, 29, 31, 32] . Since TIMP-1, as well as these MMPs, are secreted from the cells, inhibition of an MMP by TIMP-1 is independent of the cellular location.
Little is known about the expression of MMPs in liver metastases. MMP-9 was primarily found in neutrophils and only in few cases in macrophages in liver metastases [9] . We here demonstrate MMP-2 mRNA to be expressed by fibroblast-like cells (presumably myofibroblasts) in the stroma surrounding the cancer glands of colon adenocarcinomas and in liver metastases with a desmoplastic growth pattern, whereas no MMP-2 mRNA was present in metastases with a pushing growth pattern. Previous studies have also localized MMP-2 mRNA to fibroblasts within the desmoplastic formation of colon cancer liver metastases and in hepatocellular carcinomas with fibrotic encapsulation [33] [34] [35] . TIMP-1 could therefore function as an inhibitor of MMPs in both primary colorectal cancer and liver metastases with a desmoplastic growth pattern. This would, however, not be the main function in liver metastases with pushing growth pattern, as we did not detect any MMP-2 mRNA and there is no expression of MMP-9 [9] . Interestingly, another protease active in tissue remodeling, uPA is only up-regulated in stromal cells in liver metastases with desmoplastic growth pattern [8] , see Table 1 . These findings indicate that cancer cell expansion/invasion into the surrounding liver might be growth pattern specific.
Three different histological growth patterns of tumors have earlier been described in hepatocellular carcinoma [36] . These are referred to as encapsulated, sinusoidal, and replacement growth patterns. In the encapsulated growth, which is identical to the desmoplastic growth pattern in liver metastases, the liver cells at the desmoplasia/liver parenchyma interface collapse and seemingly disappear as the tumor expands [36] . It is also suggested in this study that the reticulin fibers, which are made up of different types of collagens, are left behind, generating a collagen-rich fibrous capsule [36, 37] . In the sinusoidal growth pattern, similar to the pushing growth pattern, the tumor cells grow in an infiltrating manner in the sinusoids at the metastasis/liver parenchyma interface, and thereby compress the liver cell cord, and gradually the cancer cells take over the liver cell cord [36] . In the replacement growth pattern, the tumor cells are replacing the hepatocytes along the liver cell cord, and the tumor cells may adhere to one another forming nests in an organoid arrangement [36] . It is very likely that the growth patterns of liver metastasis from colorectal cancer use similar invasive mechanisms as those described in hepatocellular carcinoma. Therefore we have earlier suggested that metastatic cancer cells in the liver metastases with the desmoplastic growth pattern are found behind a barrier of collagens, and recruitment of stromal cells for the secretion of proteases is essential for the ability to grow and invade [8] . In contrast, liver metastases with the pushing growth pattern may invade the liver using a different, perhaps protease independent mechanism (as no protease expression so far have been found) and may even invade the liver through the cavities of the sinusoids [8] .
MMP-independent activity of TIMP-1 is found in stimulation of cell proliferation, angiogenesis and apoptosis, in which TIMP-1 is believed to have an anti-apoptotic effect [38, 39] . Using an experimental liver metastasis model it has been shown that host derived expression of TIMP-1 can promote formation of liver metastasis [40] . Interestingly, we found TIMP-1-expression in liver host cells like myofibroblasts, hepatic stellate cells and hepatocytes and the expression level was higher in the liver metastases than in the primary tumors (Figures, 2, 4, 5 1) . The expression of TIMP-1 was higher in host cells close to the cancer cells in the liver metastases, independent of growth pattern ( Figure 5 ), indicating that cancer cells can affect the expression level of TIMP-1 in the different host cells. TIMP-1 has also been reported to be involved in angiogenesis with both pro-and antiangiogenic effects [38] . This can indirectly be exerted through inhibition of MMPs by TIMP-1. For instance, by using a 3D-dimensional angiogenesis assay fibroblast derived TIMP-1 was shown to increase vessel assembly [41] . It was further demonstrated that TIMP-1 can promote angiogenesis indirectly by blocking MMP-2/9 mediated generation of tumstatin, an antiangiogenic fragment of type IV collagen degradation [41] . This fits well with our study, as we have found that MMP-2 mRNA is only expressed in the liver metastases with desmoplastic growth pattern. We have not found MMP-2 mRNA in liver metastases with pushing growth pattern, which has the highest angiogenic activity of the three metastatic growth patterns [1, 2, 4] . In another study, in vivo inhibition of TIMP-1 by the use of a specific blocking antibody has shown to increase fibrovascular invasion thereby increasing angiogenesis [42] .
The inhibitor of uPA, PAI-1 is expressed by a-SMApositive cells in both primary colorectal adenocarcinomas and all liver metastases regardless of growth pattern [8] . In the primary tumor as wells as in liver metastases with the desmoplastic growth pattern, PAI-1 is expressed by a-SMA-positive myofibroblasts, whereas the PAI-1-positive cells in the liver metastases with pushing growth patterns are a-SMA-positive cells, most likely activated hepatic stellate cells, located at the periphery of the metastases and associated with sinusoids [8] . We have, in this study, also shown that the expression patterns of TIMP-1 and PAI-1 are almost identical as they are partly expressed by same cells. As MMPs, as well as the plasminogen activation system, are more or less absent from liver metastases with a pushing growth pattern [8] , it is tempting to speculate that the two protease inhibitors, TIMP-1 and PAI-1, carry out functions not dependent on inhibition of proteolysis but related to cancer progression in these liver metastases. This is supported by the fact that both circulating TIMP-1 and PAI-1 are strong prognostic markers with high levels correlating to poor prognosis [10, 11, [43] [44] [45] [46] .
The prognostic value of TIMP-1 in colorectal cancer is consistent with the reported anti-apoptopic and pro-angiogenic activity of TIMP-1 [38, 39] . The antiapoptopic activity of TIMP-1 can be achieved through different mechanisms, either dependent or independent of inhibition of MMPs. In addition TIMP-1 binding to the cell surface receptor CD63 inhibits apoptosis and cell growth [38, 39] . The pro-angiogenic activity, quantified as the level of endothelial cell proliferation, is higher in liver metastases with a pushing growth pattern than in those with a desmoplastic or replacement growth patterns [1] [2] [3] . Interestingly, colorectal cancer patients with liver metastases with a pushing growth pattern have a poorer prognosis than those with the two other growth patterns [4] . The plasma concentration of TIMP-1 is highest in patients with metastatic disease [11] which is consistent with the higher expression of TIMP-1 in liver metastases compared to the primary tumor that we find (see Figure 1, 2, and 4) . Due to the intense cytoplasmic staining we were not able to detect membrane staining of TIMP-1 and may of that reason not be able to identify CD63-bound TIMP-1.
In conclusion, TIMP-1 is expressed by different stromal cell types in colorectal cancer liver metastases with different growth patterns. In metastases with the desmoplastic growth pattern, the TIMP-1-expression pattern indicates dual functions. At the metastasis periphery, TIMP-1 in myofibroblasts could have MMP inhibitory activity. TIMP-1 in pericytes adjacent to CD34-positive endothelial cells could be involved in tumor angiogenesis [30] . In liver metastases with the pushing growth pattern, TIMP-1 was expressed by activated hepatic stellate cells located adjacent to CD34-positive endothelial cells, suggesting a function in tumor induced angiogenesis.
